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EXPERIMENTAL RESEARCH STUDIES 

O N  TOOLS FOR EXTRAVEHICULAR 

MAINTENANCE I N  SPACE 

ABSTRACT 

T h i s  research program was designed t o  evaluate  breadboard 

models of two conceptual space t o o l  designs developed i n  an 

e a r l i e r  phase of t h i s  e f f o r t .  The basic  concept was t o  develop 

a multipurpose power t o o l  t h a t  would o f f e r  s u i t  and glove pro- 

t ec t ion  t o  t h e  space maintenance worker, a unique s torage 

arrangement f o r  t o o l  attachments, and would be compatible wi th  

cu r ren t ly  envisioned space maintenance tasks .  

Two major research and development approaches were Undertaken 

simultaneously. F i r s t ,  t o o l  modifications and accessory develop- 

ment continued throughout the  research program based on human, 

mechanica1,and e l e c t r i c a l  engineering requirements. Second, 

f i v e  behavioral  experiments were conducted t o  evaluate  human 

performance whi l e  performing simulated maintenance tasks .  

The behavioral  and engineering f'indinms suggest f u r t h e r  

development of a power t o o l  w i t h  i t s  power source located a t  
the maintenance ope ra to r ' s  elbow. 

I 

With t h e  use of l i g h t w e i g h t  

metals,  a .judicious design of t h e  handle mechanism and t h e  

i n t e r i o r  compartment, i t  i s  f e l t  t h a t  a highly manageable too l  

can be developed. 

Although t h e  behavioral  data  were co l l ec t ed  by t h e  use  of 

simple simulation devices,  performance decrements s i m i l a r  t o  
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those observed by operators  i n  f r i c t i o n l e s s  environments 

d i d  occur when the  maintenance t a s k  cy l inder  was suspended 

and permi t ted  t o  move f r ee ly .  The exp erimen t a l  t r ia ls  using 

t h e  suspended task cyl inder ,  indicated many t o o l  charac te r i s -  

t i c s  t h a t  would no t  have been observable under purely s t a t i c  

condi t ions.  
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I -1 INTRODUCTION 

R a f f  Analytic Study Associates,has conducted a research 

program on space maintenance concepts and tools  f o r  the National 

Aeronautics and Space Agency since December 1966. 

purpose of the three phased research program was t o  develop tool  

mitten concepts f o r  possible use i n  extra-vehicular ac-kivitites 

(EVA) and to  review existing l i t e r a t u r e  on maintenance performance 

decrements result ing from weightlessness and pressure suited 

conditions. 

The major 

The i n i t i a l  research e f fo r t ,  described i n  the Phase I. 

Final Report: 

F l igh t s ,  27 March 1967, was t o  develop operating breadboard models 

of tool  mitten concepts and t o  prepare a paper on maintenance 

Research Program - on Tools 7 f o r  Future Manned Space 

performance decrements resul t ing from weightlessness and pressure 

suited conditions (Johnson, 1967). The "space-tool mitten" 

designation has been adapted t o  include both developed tools ,  the 

space mitten and the too l  mitten. 

Each of these tools  i s  a multipurpose power too l  that can 

function as an impact wrench, a screwdriver, and as a d r i l l i n g  

too l .  The too l  mitten (Figure 1) i s  characterized by a cylin- 

dr ica l  metal s t ructure  t h a t  has storage s i t e s  f o r  tool  attachments 

emplaced within annular wells toward the face of the tool .  Tool 

attachments can be exchanged by merely pulling a par t icu lar  

attachment out of i t s  well and then mating it t o  the chuck of the 

too l  mitten, Each attachment i s  restrained by a f lex ib le  metal 

clockspring and s l i p  ring. The space mitten (Figure 2) original ly  

planned f o r  bare-handed operation, has i t s  motor near the 

1 



FIGURE 1. 0- Tool Mitten Developed During Phase I effor t .  
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FIGURE 2. -- Space Mitten Developed During Phase I: e f f o r t .  
b 

3 



, 

maintenance worker’s elbow. A tool attachment storage site 

called a tool cuff, an accessory for the space mitten and 

pictured in Figure 3, is used f o r  the storage of hex sockets and 

screwdriver attachments . 
Two maintenance task assemblies, a maintenance panel and 

a maintenance task cylinder, described in Johnson, -- et a1 (1967), 
were developed f o r  use in five of the six experimental evalua- 

tions. Both the maintenance panel (prtially seen in Figure 10) 

and maintenance task cylinder (partially seen in Figure 4) were 

employed in the static (stationary) mode. However, the main- 

tenance task cylinder was also suspended from a spring (dynamic 

model) that permitted 5 degrees of freedom. 
task cylinder was modified during Phase 11, as depicted in Figure 

4, to accommodate a simulated hatch on a spacecraft. Thirty-six, 

1/2 inch hex bolts, 2-1/2 inches apart, were placed around the 

periphery of the hatch. 

The maintenance 

A review of studies of maintenance task performance under 

pressure suited and weightlessness conditions revealed a wide 

range of performance decrements as compared to unsuited, 1 g 

conditions. (Johnson, 1967) 
The collection of studies involving tool usage indicates 

that the most important contributing factor to Jmproving main- 

tenance performance under frictionless conditions is the degree 

in which the worker is attached to his worksite. Under similar 

frictionless conditions, investigators have indicated performance 

decrements on the order of 25 to 30 percent, and sometimes higher, 

4 



F I G U N  3. -- Tool Cuff (Tool Attachment Storage S i tes )  



FIGURE 4 0-  Hatch Assembly: Maintenance 
Task Cylinder (Experiment 3) 
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i n  the amount of torque workers can apply under f r i c t i o n l e s s  

conditions.  

the worksite o r  when using hand holds,  t h e i r  performance under 

the experimental Conditions of ten  only decreases 17 percent o r  

l e s s .  

s u i t  on torquing w i t h  var ious t o o l s  ind ica ted  a decrement of 

9 t o  15 percent when the subjec ts  wore the unpressurized s u i t .  

Further  performance decrements on the  order  of 16 t o  17 percent 

resul ted when the  s u i t  w a s  pressurized.  

However, when these same workers a r e  a t tached t o  

One study r e l a t i n g  t o  the e f f e c t  of wearing a pressure 

These s tudies  have r e f l ec t ed  the current  i n t e r e s t  of 

inves t iga tors  i n  developing t e the r ing  devices and attachments 

t o  be used by space maintenance workers while performing extra-  

vehicu lar  a c t i v i t i e s .  

The s tudies  involving var ious maintenance tasks involving 

severa l  t o o l s  under condi t ions of weightlessness and pressure  

s u i t  encumbrance ind ica te  the  following conclusions. 

s t ab le  30 to 40 percent  decrement i n  perfo-rmance i s  noted when 

the maintenance worker i s  encumbered w i t h  an unpressurized space 

s u i t ,  however, when the  worker i s  performing the  same maintenance 

tasks i n  %he pressur ized  space s u i t ,  performance decrements o f t en  

exceed 100 percent .  

pressurized s u i t  condi t ion r e s u l t  from the reduced mobil i ty  and 

dex te r i ty  of t h e  worker, and from the i n a c c e s s i b i l i t y  of t h e  

cmponents the  worker needs t o  manipulate. 

A reasonably 

These tremendous time increases  under the  

Under tine weight- 

lessness  conditions experienced by workers i n  simulated 

ments, it appears that  proper pos i t ion ing  of t he  worker 

environ- 

i n  
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re la t ionship  t o  h i s  worksite and the  attachment of the 

individual  t o  the  worksite a r e  two c r i t i c a l  f a c t o r s  t h a t  

need t o  be considered i n  the  design and development of 

maintenance tasks. 

It i s  apparent that  the  goal f o r  developqental EVA t o o l  

use must be t o  a l l e v i a t e  the performance decrements assoc ia ted  

with pressure s u i t  wear and weightlessness.  Since the  space 

worker w i l l  be r e s t r i c t e d  i n  mobil i ty  and dex te r i ty ,  one solu- 

t i o n  t o  e f f i c i e n t  t o o l  design i s  t o  combine several  operat ions 

i n t o  one, thereby re l iev ing  the  worker for c r i t i c a l  a c t i v i t i e s .  

An example of t h i s  goal  i s  the design of space-tool mit tens  tha t  

not  only provide the  space worker sui t -glove protect ion,  'out a l s o  

a l lows  for r a p i d  t o o l  attachment exchanges. Further ,  these t o o l s  

a r e  designed t o  a l low the  opera tor  t o  ga in  g r e a t e r  access  t o  

work a reas  by the  re loca t ion  of t he  t o o l  motor away from the  

working end of the  t o o l .  

The major object ive of the  Pnase IT research program, 

conducted by Raf2 Analytic Study Associates under Contract 

NASW-1590, was t o  evaluate  the  space-tool mi t ten  concept by 

performing a v a r i e t y  of human f a c t o r s  experiments under shir t -  

sleeve,  lg condi t ions.  The experiments were planned and con- 

ducted w i t h  the  a i m  of gaining in s igh t  that  could be appl ied 

t o  the pressure-sui ted space maintenance worker who would 

perform ext ravehicu lar  maintenance and assemble tasks i n  a 

zero g environment. The major object ive has been f u l f i l l e d  

i n  Ynat the  f indings and conclusions of these evaluat ions 

ind ica t e  the  f e a s i b i l i t y  of developing an operat ing prototype 

8 



space mit ten for engineering evaluat ion wi th in  NASA's ovm space 

simulation f a c i l i t i e s ,  

The bas ic  philosophy of th i s  evaluat ion was t o  i d e n t i f y  

and cor rec t  design def ic ienc ies  i n  the i n i t i a l  breadboard 

models by using hwnan f a c t o r s  experiments and engineering 

analyses.  

develop f irrn requirements f o r  an operat ing protype space too l .  

These research s tudies  were performed i n  order  t o  

The research program was a j o i n t  engineering development 

Even though engineering development and experimental e f f o r t .  

and experimental e f f o r t s  a r e  genera l ly  performed sequent ia l ly ,  

experience has shown tha t  t he  two e f f o r t s  complement each other .  

However, it was not  always poss ib le  t o  separate  the  r a t iona le  

f o r  re- tool ing on the  basis of mechanical or e l e c t r i c a l  de f i -  

c iencies ,  or on the  requirements of the  human operator  f o r  

comfort, sa fe ty ,  and v i s i b i l i t y .  Therefore, some compromises 

in r igorous exper-imental cont ro l  were made because of emergency 

t o o l  repa i r .  

repor t  under the  spec i f i c  experimental study. 

These par- t icular  occasions are documented i n  the  

The experimental program consis ted of f i v e  small experiments 

i d e n t i f i e d  by the following designat ions:  

1. Space-Tool Mittens 

2. Manual Tools 

3. Hatch Test  

4. Screwdriving 

5. Access Area Study 

9 



The experiments dealt with the. following variables: 

1. Space and Tool Mittens 

2. Static and Dynamic Modes of the Maintenance Task 
Assemblies. 

3. Varieties of Hand Tools 

4. Varieties of Maintenance Tasks 

In addition, a qualitative, modified critical incident evaluation 

was made of the performance of maintenance workers using the 

space mitten with the tool cuff, and using the tool attachments 

of the tool mitten. These comments are included in the Engineer- 

ing Evaluation, Section VII. Each Of the experiments are 

discussed in detail below. 

The detailed presentation and interpretation of the 

statistical analyses are presented in Appendix A for Experi- 

ments 1-4. 
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II -- EXPERIMENT 1: SPACE-TOOL MITTENS 

An evaluat ion of t he  t o o l  mit ten and space mit ten was 

conducted t o  determine the decrement i n  opera tor  performance 

when the worksite (maintenance task cyl inder )  was unstable  

r e l a t i v e  t o  the  worker. T h i s  dynamic mode simulated, t o  

some extent ,  space workers performing maintenance tasks  w i t h  

e lus ive  works i t e  s 

2.1 Procedure. 

2.1.1 Subjects.  

age from 18 t o  23 

i n  under zero o r  reduced g rav i ty  conditions.  

E i g h t  jun ior  col lege s tudents ,  ranging i n  

were used as experimental subjects .  These 

subjec ts  took par t  i n  the  experiments f o r  an average of 14 

hours a day, twice a week, f o r  approximately s i x  weeks. Because 

of equipment breakdowns and modifications,  as wel l  as ava i l -  

a b i l i t y  of the  subjects ,  a completely random assignment of 

subjects  w a s  impossible, Further ,  the  r e s u l t s  a r e  reported 

only f o r  those subjec ts  who completed a l l  t he  experimental 

t r ia l s .  For the  cases i n  which a l l  e igh t  subjec ts  d i d  no t  com- 

p l e t e  the  experimental s e r i e s ,  a note  is made i n  the  var ious 

graphs of opera tor  performance. 

diameters) i n t o  a metal  bar containing embedded, welded nutB. 

The embedded nuts  were placed approximately 2 1/2 inches apar t .  

Upon the  completion of the  t igh ten ing  task, the  subject  w a s  

ins t ruc ted  t o  remove f i v e  b o l t s  w i t h  the  power too l .  

11 



2.1.3 Ins t ruc t ions  t o  Subjects .  This i s  a n  experiment which 
attempts t o  discover?mportant f a c t s  about space maintenance 
a c t i v i t i e s .  W e  have a number of t oo l s ,  conventional and power, 
t h a t  you w i l l  be  using t o  torque b o l t s  and nuts  onto these 
devices (work panel o r  maintenance task cy l inde r ) ,  Before each 
t r i a l ,  you w i l l  be t o l d  which pieces  of equipment are t o  be 
used. You w i l l  be  p e r m i t t e d  t o  s tar t  t h e  nu t  o r  b o l t  by hand 
J u s t  p r i o r  t o  the t i m e  I say begin. The time taken t o  torque 
t h e  b o l t  o r  nu t  w i th  a p a r t i c u l a r  t o o l  w i l l  then be recorded. 
I n  addi t ion,  I w i l l  record t h e  t i m e  it takes you t o  remove 
the  b o l t  o r  nut  w i th  the  too l .  
when I say "begin" and end when e i ther  the  b o l t  or nut  gives  
f i r m  r e s i s t ance  t o  your t igh ten ing  o r  when it drops t o  t h e  
f l o o r  as you are loosening the  nut  o r  bo l t .  

s tar ted each trhl  by s t a t i n g  "Are you ready? 

The t i m e  measure w i l l  begin 

After the  i n i t i a l  i n s t ruc t ions  we're given, t h e  experimenter 
Begin". 

The subjec ts  were f u r t h e r  i n s t ruc t ed  t o  s top torqueing when 
e i ther  the  space mit ten o r  t o o l  mit ten would s l i p  o r  s ta l l ,  o r  
when the  manual res i s thnce  of  torqueing w i t h  conventional tools  
became markedly d i f f e r e n t .  

2.2 Experimental Design. This  experiment was planned as a 

large f a c t o r i a l  design i n  which e ight  sub jec t s  would torque 

f i v e  b o l t s  of the  same s i z e  under combinations of  the follow- 

ing  var iab les :  

a. Mode (maintenace task cyl inder:  s t a t i c  or dynamic) 

b. Tools (space mit ten o r  t o o l  mit ten)  

c .  Four t r ia ls  

d .  Tightening o r  loosening b o l t s  

e ,  Five d i f f e r e n t  hex head s i z e s  (3/Q9 5/89 1/2, 9/169 

and 7/16 inches)  

Unfortunately, t o o l  modifications and repairs and subjec t  

a v a i l a b i l i t y  obviated t h e  completion of a f u l l  f a c t o r i a l  design 

w i t h  randomized ordering of experimental condi t ions,  

I f  desired comparisons among b o l t  hex head s i z e s  are  

made, t h e  d i f f e r i n g  lengths  of  b o l t  shanks and conversely 

the  number of r o t a t i o n s  required t o  t i gh ten  and loosen the  

12 



b o l t s  would become a compounding f ea tu re  of t h i s  study. To 

avoid th i s ,  ' t he  approach has been t o  t reat  each hex head s i z e  

as a small f a c t o r i a l  experiment. Further ,  s ince a l l  subJects  

d i d  not complete a l l  t e s t s ,  some b o l t  hex head s i z e s  a re  

associated w i t h  l e s s  than e ight  subJects .  I n  addi t ion,  the  

3/4 inch hex head data a re  qu i t e  incomplete and therefore  a r e  

not  reported . 
Each of the  reported hex head s i z e s  was t r e a t e d  a s  a 

2 x 2 x 4 f a c t o r i a l  design i n  which task cyl inder  mode ( s t a t i c  

or dynamic), two t o o l s ,  and four  t r i a l s  were the  independent 

var iables .  Time t o  complete e i t h e r  a t igh ten ing  o r  loosening 

task w a s  considered the  dependent var iab le .  

2.3 Resul ts  - and Discussion. The graphica l  presenta t ion  of these 

data i n  Figures 5 and 6 ind ica t e s  a supe r io r i ty  of t he  space 

mit ten over t he  t o o l  mit ten.  The mean time f o r  performing the 

torqueing task was 23.7 seconds f o r  the  t o o l  mit ten and 19 
seconds f o r  the  space mitten.  Performance w i t h  t he  t o o l  mi t ten  

took approximately 25 percent  longer than w i t h  the  space mitten.  

A comparison of the  experimental t r i a l s  conducted under 

dynamic and s t a t i c  modes of t he  cy l inder  revealed a performance 

time increase of 10.3 percent  f o r  the  dynamic mode. 

A c lose r  look  a t  the  in t e rac t ion  of  t o o l s  and cy l inder  modes 

revealed that  performance w i t h  the  space mi t ten  and t o o l  mit ten 

d i f fe red  by only 3 percent (space mit ten 13.9 seconds and t o o l  

mit ten 14.3 seconds) when the  cy l inder  w a s  i n  the s t a t i c  mode. 
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On the o ther  hand, i n  the dynamic mode, performance w i t h  the  

t o o l  mit ten took 37 percent longer. '  

When t o o l  performance i s  viewed under s t a t i c  and dynamic 

conditions,  ope ra to r ' s  performance w i t h  the  space mit ten 

increased from 13.9 seconds t o  24.1 seconds, approximately a 73 

percent increase.  Performance time under s t a t i c  and dynamic 

modes f o r  t he  operators  using the t o o l  mit ten increased from 

14.3 t o  33.1 seconds, which i s  almost a'l32 percent  increase.  

The above r e s u l t s  c l e a r l y  ind ica te  the  supe r io r i ty  of t he  

space mit ten under task condi t ions i n  which the  worksite i s  

unstable .  S igni f icant  learn ing  e f f e c t s  were not  observed during 

the  four  performance t r ia ls ,  

A de t a i l ed  d iscuss ion  of the  s t a t i s t i c a l  analyses are 

presented i n  Appendix A. 

16 



1x2 -- EXPERIMENT 2 :  MANUAL TOOLS 

An evaluation of open and box end wrenches was made t o  

determine operator  performance when the same work was performed 

on d i f fe ren t ,  y e t  s t a t i c  work s i t e s .  

w h i l e  t igh ten ing  and loosening nuts  was a l s o  compared. 

3.1 Procedure. The same general  i n s t ruc t ions  were given t o  

the  same e i g h t  subjec ts  t h a t  pa r t i c ipa t ed  i n  t h e  previously 

described experiment, During these t r i a l s ,  t h e  sub,jects 

t ightened o r  loosened nuts  (hex head s i z e s  3/4, 11/16, 1/2, 

7/16, and 3/8) on studs embedded i n  s t e e l  and aluminum p l a t e s  

which were affixed t o  the maintenance task,.assemblies. 

Operator performance 

The experiment was planned a s  a f a c t o r i a l  design i n  

which e igh t  subjec ts  would torque f i v e  nuts  of d i f f e r e n t  s i z e s  

w i t h  e i t h e r  the  open o r  box end of conventional wrenches. 

These wrenches a r e  p ic tured  i n  Fi,.;ure 7. 

3 .2  Experimental Design. Each of e igh t  sub.iects performed 

four maintenance tasks  ( t r i a l s )  under the  following var iables:  

1. maintenance task panel -- maintenance t a s k  cyl inder  

2. t igh ten ing  or loosening nuts  

3. open o r  box end wrenches. 

Subject and t o o l  a v a i l a b i l i t y  d i d  no t  permit a completely ran- 

domized order ing of experimental condi t ions.  A given experi-  

mental t r i a l  consis ted of e i t h e r  t igh ten ing  or  loosening f i v e  

d i f f e r e n t  nuts .  T h i s  experiment has been analyzed as a 2 x 2 x 2 

f a c t o r i a l  design. 
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3 . 3  Results - and Discussion. 

r e f l e c t  any major t rends,  However i t  does appear that  opera tor  

performance w i t h  the  same s i z e  b o l t  on d i f f e r e n t  work s i t e s  d id  

d i f f e r .  Figure 8 r e f l e c t s  the  mean t i m e  f o r  t igh ten ing  or 

loosening (nut on-off)  operat ions,  and shows that  opera tor  

performance w i t h  the  maintenance task panel took approximately 

23 percent longer  than w i t h  t he  task cyl inder .  

percentage increase i s  somewhat misleading because the  experi-  

ment w i t h  the  7/16 hex head nuts  d i d  not  r e f l e c t  a difference 

between worksite performance, whereas the 11/16 hex nut  experi-  

ment ind ica ted  a 66 percent  time increase,  

A study of these data do not  

This ove ra l l  

Since performance 

time does not  increase uniformly, it i s  q u i t e  l i k e l y  that  the 

observed d i f fe rences  were due t o  the  l a t e  in t roduct ion  of t he  

task cyl inder  i n t o  the  experiment. 

It can be surmised from Figure 8 t h a t  operator  performance 

w i t h  the open end wrench on the task panel was approximately 

32 percent b e t t e r  than w i t h  the  box end wrench. 

performance w i t h  t he  task cyl inder ,  although not  s t a t i s t i c a l l y  

s i g n i f i c a n t  r e f l ec t ed  a s l i g h t  increase i n  kime f o r  the  open end 

wrench as compared t o  the  box end wrench, the former a mean of 

29.8 seconds and the  l a t t e r ,  27,O seconds. 

Operator 

The supe r io r i ty  of the  opera tor ' s  performance while using 

the  open end wrench as compared w i t h  the  box end wrench on the  

panel i s  not  k i f o n n l y  found f o r  the t r ia ls  w i t h  t he  cyl inder .  

There seems t o  be a slight decrement i n  operator  performance 

w i t h  t he  open end wrench (cyl inder  t r ia ls)  as hex s i z e s  increase,  
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On many tr ials the  operators  used the  open end wrench as a 

forward nut  dr iver ,  and thus have improved t h e i r  perform- 

ance f o r  the  smaller  nu ts ,  but no t  for the  l a r g e r  nuts .  

Basical ly  these data are somewhat contradictory,  and any con- 

c lusions must await d e f i n i t e  inves t iga t ions  w i t h  a wider range 

of hex nut  s i zes .  
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I V  -- EXPERIMENT 3: HATCH TEST 

A t h i r d  experiment was conducted i n  order  t o  evaluate 

operator  

when the 

a s t a t i c  

simulate 

performance w i t h  t h e  t o o l  mit ten and space mit ten 

maintenance t a sk  cyl inder  (work s i t e )  was i n  e i t h e r  

or  dynamic mode. These tests were conducted t o  I 

numerous r e p e t i t i v e  tasks t h a t  are l i k e l y  t.0 b e .  
- 

encountered by space maintenance workers and t o  ~3 lida>W'Z;be , r  

r e s u l t s  of Experiment 1 on the  s t a t i c  and dynamic 

modes. 

4.1 Procedure. 

4.1.1 Sub.jectss. It was f e l t  t h a t  more experienced sub,jects 

should be u t i l i z e d  as  a means of va l ida t ing  previous work 

done w i t h  inexperienced .junior col lege s tudents .  Therefore, 

two Raff  Associates personnel, ages 20 and 30 were used a s  

experimental sub jec t s .  These subjec ts  were se lec ted  because 

of t h e i r  experhence w i t h  these pa r t i cu la r  t oo l s  and t h e i r  

background i n  engineering and shop work. 

'4.1.2 T a s k .  The subjec t  was required t o  t i gh ten  32 of the 36 

one-half inch hex b o l t s  t h a t  were d i s t r ibu ted  around the 

periphery of the  hatch shown i n  Figure 3. (The o ther  fou r  

b o l t s  held the hatch. i n  place.)  

a11 32 bo l t s ,  the  experimenter "hand turned" each b o l t  one- 

half  t u rn .  

Before the  sub.ject t ightened 

4.1.3 
b'olts i n t o  t h i s  hatch. S t  . a r t  w i t h  t h e  b o l t  i d e n t i f i e d  on 
the maintenance t a sk  cyl inder  a s  " s t a r t " .  Continue t o  torque 
i n  a clockwise manner. The four  corner b o l t s  have been in -  
s t a l l e d  t o  keep the hatch on, so you must no t  attempt t o  
remove those b o l t s .  Remember t o  s top  t h e  power t o o l  the  
moment t h e  t o o l  begins t o  s l i p  or  s t a l l .  Work as  quickly 
as you can. 

In s t ruc t ions  -- L- t o  Subtjects. You are t o  torque each of these 
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When I say "begin", s tart  torqueing the b o l t s  going i n  a 
clockwise d i rec t ion ,  beginning w i t h  the b o l t  indicated as 
"start" 

Are there  any questions? 

Begin. 

4.2 Experimental Design. This experiment was planned as a 

2 x 2 x 2 f a c t o r i a l  design i n  which the var iab les  were: 

a. 

b. 

C .  

The 

The maintenance task cyl inder  i n  e i t h e r  the dynamic 
o r  s t a t i c  mode 

Tool mit ten versus space mit ten 

Subject 1 versus Subject 2. 

study was conducted as a complete f a c t o r i a l  w i t h  

t he  assignment of the experimental condi t ions by Lat in  Square 

randomization. Each subject  pa r t i c ipa t ed  i n  nine blocks of 

the experiment. Each block consis ted of four  tr ials of two 

too l s  used each i n  the dynamic and s t a t i c  modes. Unfor- 

tunately,  some b o l t s  became cross  threaded or damaged during 

the  t e s t s ,  however, due t o  the randomization procedure these 

problems were genera l ly  constant f o r  all experimental t r e a t -  

ment s . 
4.3 Results - and Discussion. Mean opera tor  performance time 

w i t h  the  space mi t ten  and t o o l  mit ten was e s s e n t i a l l y  equal, 

63.7 seconds and 61.5 seconds respect ively,  f o r  the  hatch 

fas ten ing  operat ion while t he  cy l inder  w a s  i n  the s t a t i c  mode. 

Although the s t a t i s t i c a l  t e s t ,  t he  ana lys i s  of variance,  d id  

not  reveal  a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f fe rence  between the 

performance of the two tools ,  an inspec t ion  of the dynamic 
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cyl inder  mode data ind ica te  that the space mit ten performance 

t i m e  was 19 percent  longer than the, t o o l  mit ten performance 

time . 
Figure 9 r e f l e c t s  the  combined mean performance t i m e  of 

the  hatch fas ten ing  task completed by the  two subjec ts  w i t h  

both of the space-tool mit tens .  It i s  apparent that  the re  was 

a remarkable d i f fe rence  i n  the  performance of the  two subjects .  

For instance,  subject  2 took 62 percent-more time t o  complete 

t h e  task than subject  1. 

Further ,  Figure 9 i nd ica t e s  tha t  the  dynamic mode of the 

cyl inder ,  w i t h  hatch assembly, caused subject  1 t o  take 262 

percent  more time t o  complete the task. In  addi t ion,  subject  2 

took 290 percent  more time t o  perform the  hatch task. 

It i s  i n t e r e s t i n g  t o  note  tha t  the  decrement i n  performance 

noted for t he  space mit ten,  when used i n  the  dynamic mode, 

resu l ted  i n  a 241 percent  increase i n  time. On the  o ther  hand, 

performance with the t o o l  mit ten resu l ted  i n  a tremendous 321, 

percent  time increase!  

These r e s u l t s  subs tan t ia te  those f ind ings  noted i n  experi-  

' ment 1, however these d i f fe rences  a r e  more s t r i k i n g .  The 

dynamic cy l inder  mode, as a simulation of a f r i c t i o n l e s s  work 

environment, seems t o  o f f e r  a reasonable facsimile .  
; ', 
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V -- EXPERlSlENT 4: SCREWDRIVING 

A s  p a r t  of the ove ra l l  research p lan  t o  evaluate  the 

multipurpose f ea tu res  of the  space-tool mit tens ,  t h i s  br ief  

experiment was designed t o  inves t iga t e  the  capab i l i t y  of t h e  

space mitten and t o o l  mit ten t o  operate  as screwdrivers,  In 

addi t ion ,  one manual t oo l ,  a speeder handle (crank) ,  w a s  used 

i n  t h e  inves t iga t ion .  

5.1 Procedure. The same two experienced sub jec t s  were used 

i n  t h i s  experiment t h a t  were used i n  the  Hhtch Test. The 

sub jec t s '  task was t o  t i gh ten  f i v e  recessed Allen screws. 

Screwdriver b i t  s i z e s  of 3/16, 1/4, and 5/16 inches were 

used. The sub jec t s '  task was t o  perform the  screwdriving 

w i t h  each of the three Allen t o o l s  (space mitten,  t o o l  mit ten 

and speeder handle).  The p a r t i c u l a r  type of  screws used i n  

t h i s  experiment are shown i n  Figure 10, 

containing these screws a r e  shown with the s t a t i c  maintenance 

work panel.  

The various plates  

Since the t o o l  mi t t en ' s  high torque output damaged the  

nuts  and b o l t s  during previous experiments, it was decided 

t o  use an  au to  transformer (Powerstat Variable Auto Trans- 

former Model 1.16~) t o  reduce and con t ro l  t he  torque,  

voltage was lowered from 120 t o  70 Volts,  

The 

The sub jec t s  were given the same basic in s t ruc t ions  as 

before  regarding torqueing tasks. 

5.2 Experimental Design, This experiment was conducted as 

a 3 x 3 f a c t o r i a l  design w i t h  La t in ' s  square randomization 
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FIGURE 10: One of Three'Screwdriving Plates 
used in Experiment 4, shown on 
Maintenance Task Panel 



of experimental conditions.  Two subjec ts  performed the 

screwdriving tasks w i t h  var ious combinations of t oo l s  ( t o o l  

mit ten,  space mit ten,  speeder handle) and th ree  s i z e s  of hex 

head screws. Each experimental t r i a l  employed a p a r t i c u l a r  

t o o l  w i t h  a p a r t i c u l a r  screwdriving p l a t e .  Each subject  

completed nine tr ials f o r  each of t he  nine blocks. 

5.3 Results - and Discussion. This experiment was performed 

pr imar i ly  t o  view the  space and t o o l  migtens as multi-  

, purpose devices.  It i s  graphica l ly  shown i n  Figure 11 that 

the  space mit ten w a s  s i g n i f i c a n t l y  more e f f i c i e n t  than the  t o o l  

mi t ten  o r  hand-operated crank. The two opera tors  took approxi- 

mately 61 percent longer  t o  complete the  task w i t h  the  t o o l  

mi t ten  than w i t h  the space mitten.  Further ,  t he  use of t he  

hand operated crank resu l ted  i n  a 141 percent  time increase 

f o r  the  performance of these screwdriving tasks. 

There i s  a s l i g h t  increase i n  task time as the  screw 

head s i z e  increased for the  power too l s .  However, there  i s  

a mean reduction of 6& seconds f o r  the  task involving the  

5/16 hex head screw w i t h  the  crank. 

It appears from these t e s t s  that  such multi-purpose 

funct ions a r e  wel l  within the  realm of capabilities f o r  the 

next  generat ion of space-tool mit tens .  

28 



I 
x 

I 

rn 

a 

x 
a, c 

\D 
I-4 

\ 
M 

rn 

X 
a, 
I: 

=I- 
\ 
rl 

G 

x 
a, c 

v3 
i-l 
\ Ln 

a, 
ho 
k 
cd 
GI 

a 

G 

rn 

E 

rn 

0 
\o 

0 
a- 

0 
M 

0 0 
(u r i  

G ?  
G a l  
*rl k 



V I  -- EXPERIMENT 5 :  ACCESS AREA SToT>Y 

This  experiment was conducted t o  inves t iga t e  the  ease 

wi th  which various too l s  could reach simple worksite areas 

when a c c e s s i b i l i t y  t o  t h e  areas becomes a problem. Kama 

(1963) and Kennedy and F i l l e r  (1966) have inves t iga ted  t h e  

general  problem of a c c e s s i b i l i t y  for various maintenance tasks, 

6.1 Procedure. The two experienced sub jec t s  used on previous 

experiments took p a r t  i n  t h i s  study. . 
6.2 Experimental Design. The sub jec t ' s  task was t o  pick up 

each of the  too l s  and a t t e m p t  t o  mate the  t o o l  with t h e  f i v e  

Allen screws on the  metal p l a t e  wi th in  each access  opening, 

The p la te  and the  access  openings are shown i n  Figure 12. 

Further,  t he  sub jec t s  were t o  p i c k  up e i t h e r  t he  space mitten,  

t o o l  mitten,  Allen key, or speeder handle (Figure 7)  i n  a 

previously determined randomized order .  The subjec t  was 

not  required t o  a c t u a l l y  complete the  screwdriving operat ion 

but merely t o  mate t h e  too l  w i t h  each of t h e  f i v e  f a s t ene r s .  

Time was not  recorded. 

The experimenter randomly presented t o  t h e  sub jec t s  a l l  

poss ib le  combinations of access  ape r tu re s  and depths .  The 

3 s e t s  of "egg c ra t e"  d iv ide r s  pe rmi t t ed  depths  of 6, 9, and 

12 inches and ove ra l l  areas of 8 x 8, 12 x 12, and 16 x 16 

square inches.  The p a r t i c u l a r  pa i r ings  of access  depth  

and access a reas  were randomly assigned t o  the  n ine  experi-  

mental blocks. Each block consis ted of four  tr ials w i t h  

each of the  four  too l s .  



I 

FIGURE 12: Access Area of Maintenance Task 
Cy lind er  



Ins t ruc t ions  t o  Subjects -- Imagine t h a t  you have B main- 
tenance t a s k  = perform i n  a l imited period of time i n  t h i s  
access area here  ( S  i s  shown t h e  maintenance task  assembly 
access a r e a ) .  Further ,  imagine t h a t  you have a choice of 
four  d i f f e r e n t  t o o l s  t o  accomplish t h i s  t ask .  I want you 
t o  pick up t h e  t o o l  ( space  mit ten,  t oo l  mit ten,  open-end 
wrench o r  box-end wrench) t h a t  I spec i fy  and place t h e  
working end of the  t o o l  on one of the  b o l t s  i n  t h e  access  
area.  Next, place t h e  working end of t h e  t o o l  on each of 
the f i v e  bo l t s .  Don't  be concerned i f  you experience d i f -  
f i c u l t y  i n  successively placing a t o o l  on each b o l t .  

After you have followed tkye above procedure w i t h  each of' 
the  four  too ls  before you, i n  the  order  I have presented 
them t o  you, 1 want you t o  rank these too ls  on t h e  ease i n  
which you imagine you could accomplish the maintenance 
t a s k .  That i s ,  ranking t h e  t oo l ,  number one, t h a t  i s  eas- 
i e s t ,  and ranking each successive t o o l  increasing ranks.  
You may have t i e d  ranks i f  you choose. 

Are the re  any questions? 

Begin. 

6.2 Results - and Discussion.. Based on the  p r e f e r e n t i a l  ' 

ranking of t h e  four  too l s  on nine experimental blocks, the  

median order  of preferences f o r  the  fou r  t o o l s  i s  a s  fol lows:  

t h e  Allen key, t h e  speeder handle, t he  space mit ten,  and t h e  

t o o l  mit ten.  These preferences a r e  based upon median rank- 

ings over a l l  condi t ions.  

T h i s  experiment t e n d s  t o  suggest t h a t  f o r  screwdriving 

operat ions i n  which recessed hex head screws a re  used, con- 

vent ional  too ls ,  e.g., Al len head wrenches appear t o  be 

more s u i t a b l e .  The choice of a power t o o l  f o r  t h i s  funct ion 

must necessar i ly  depend upon the  frequency of these operations 

t h a t  a r e  required.  I n  t h i s  experiment, i n  which only f i v e  

screws needed t o  be mated w i t h  a par t icu la ' r  foo l ,  it appears 

t h a t  the  Allen hex head 'wrench is  s u f f i c i e n t .  
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VI1 -0 ENGINEERING ENALUATION 

A number of comments and c r i t i c a l  evaluat ions have 

been made of the  performance of the  space mit ten and t o o l  

mitten i n  conjunction with t h e  t o o l  cuff ,  maintenance task 

cyl inder  and maintenance task panel. These evaluat ions 

have been made by Raff Associates technicians,  engineers 

of various d i sc ip l ines ,  s c i e n t i s t s ,  and co l lege  s tudents .  

Many of t h e  evaluat ions were made following experimental 

sess ions  and during various stages of design, The a i m  of 

t h i s  s ec t ion  i s  t o  combine impressions gained during experi-  

mentation and design. 

The ove ra l l  concept of a power t o o l  t h a t  would o f f e r  

pressure sui t -glove p ro tec t ion  has been subs t an t i a l ly  con- 

firmed. The added advantage of a t o o l  (space mit ten)  w i t h  

i t s  power source near  the elbow has been confirmed through 

experimentation and c r i t i c a l  engineering evaluat ions.  

7.1 Tool Mitten. 

7.1.1. Concept. T h i s  t o o l  was developed as an impact wrench- 

screwdriver from off- the-shelf  components. It was designed 

- 

t o  provide a source of mechanical power i n  the  performance 

of ex t ravehicu lar  a c t i v i t i e s  by an a s t ronau t  -- maintenance 

operator .  A major f ea tu re  of t h i s  device i s  a means of 

s to r ing  t o o l  attachments. The t o o l  attachments such as 

d i f fe ren t  s ized  socket wrenches, assor ted  screwdrivers, 

a r e  s tored  i n  ce l l s  around the  periphery of  t he  t o o l  mit ten 

and are rekained by s i x  spr ing  loaded metal tapes. Such 

attachments are phys ica l ly  attached t o  the t o o l  so they 
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w i l l  not  d r i f t  away. The metal straps p e r m i t  f r e e  movement 

of t h e  sockets from t h e  s torage  pos i t i on  t o  the operat ing 

pos i t i on  on t h e  t o o l  chuck. 

and use d i f f e r e n t  attachments and r e tu rn  them t o  s torage  

without danger of t h e i r  d r i f t i n g  away from the  operator ,  

The spr ing  loaded c l i p s  which grasp the sockets permit 

It i s ' a l s o  poss ib le  t o  s e l e c t  

' 

t he  se l ec t ion  of an appropriate  mix of attachments by t h e  

maintenance worker p r i o r  t o  leaving the  parent  spacecraf t ,  

7.1.2 C r i t i c a l  Evaluation. The t o o l  mitten,  i l l u s t r a t e d  

i n  Figure 2, was qu i t e  bulky and therefore  unwieldy. The 

loca t ion  of the  motor i n  f r o n t  of the  opera tor ' s  hand and 

t h e  loca t ion  of the t o o l  attachments around the periphery 

of t h e  t o o l  caused v i s i b i l i t y  and con t ro l  d i f f i c u l t i e s ,  

Tool attachment exchange was extremely d i f f i c u l t .  The 

r e t a in ing  r ing  on the  chuck remained qu i t e  s t i f f  during 

the  evaluat ion and caused operators  t o  use a great dea l  of 

force  i n  compressing t h e  r e t a in ing  r i n g  when placing tool 

attachments on the chuck. Further,  the in t e r f ace  between 

t h e  chuck and t o o l  attachments was improper and r e su l t ed  

i n  the attachments rocking about on the  chuck. Also, the  

metal s t r i p s  tended t o  wrap around the chuck when t h e  t o o l  

was i n  use. Tool attachment exchange i s  made even more 

d i f f i c u l t  s ince  the  length  of the t o o l  i s  such t h a t  t h e  

operator  i s  not  able t o  e f f ec t ive ly  use t h e  opposite hand 

t o  make the  t o o l  exchanges. 

A con t ro l  d i f f i c u l t y  was encountered when operat ing 

the t o o l  i n  its reverse  mode. Some operators  expressed 
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d i f f i c u l t y  due t o  the Eorce required on the  t r i g g e r  t o  

a c t i v a t e  the reverse  mode. 

The t o o l  mi t t en ’ s  torque output was q u i t e  excessive 

f o r  the  tasks  required i n  t h i s  research program. Often, 

during t h e  experimental s e r i e s , n u t s  and b o l t s  became cross- 

threaded. 

7.1.3 Recommended Solu,tions . Many of t h e  d i f f i c u l t i e s  en- 

countered w i t h  t h i s  device were due t o  the design require-  

ment of using off-the-shelf  components. 

t i on  devices can eliminate many of  the  above problem 

areas .  For example, a tapered nose could conceivably reduce 

the  b u l k  a t  the  f r o n t  of t h e  t o o l  and  l i k e l y  improve con- 

t r o l l a b i l i t y  and v i s i b i l i t y .  

Future genera- 

Further ,  a co l laps ing  or  tele- 

scoping c lo th  o r  metal  ou ter  s h e l l  might a l s o  r e s u l t  i n  a 

reduction of o v e r a l l  bulk and improved operator  v i s i b i l i t y  

and c o n t r o l l a b i l i t y .  

Possibly a new system of t o o l  exchanges, e.g. ,  spr ing  

loaded r e t r i evab le  cables  o r  telescoping arms could be con- 

s idered .  The cur ren t  metal  s t r i p  system i s  unacceptable. 

Previously i d e n t i f i e d  problems such”as  t h e  reverse  

switch, h i g h  output torque, and t h e  poor chuck and t o o l  

attachment i n t e r f a c e  can be solved by appropriate  design 

e f f o r t s .  

The concept of the  motor i n  f r o n t  of the  ope ra to r ’ s  

hand ( t o o l  mit ten)  has t o  be reconsidered i n  view of the  

experimental f indings and evaluat ions t h a t  indicated bet ter  

operator  performance while using t h e  space mitten.  
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7.2 Space Mitten,  

7.2.1 Concept. T h i s  t o o l  i s  housed i n  an aluminum cyl inder ,  

and is  character ized by i t s  power 'source near the opera tor l s  

elbow (Figure 2 ) .  When o r i g i n a l l y  f ab r i ca t ed ,  the  t o o l  was 

capable of generating approximately 24 foot-pounds. The 

' motor windings tended t o  "short" during t h e  extensive t e s t i n g  

phase of t h e  research and r e su l t ed  i n  a lower torque output.  

However, heavy use d i d  point  out l i k e l y  f a i l u r e  of components. 

The t o o l  has  a manual (non-ratcheting) * overr ide t h a t  p e r m i t s  

the maintenance operator  t o  make f i n e  torqueing adjustments. 

Further,  t h i s  t o o l  i s  considerably l i gh te r  and smaller than 

the  t o o l  mit ten previously described. 

7.2.2 C r i t i c a l  Evaluation. The o v e r a l l  diameter of t h e  

t o o l  was g r e a t l y  reduced by t h e  introduct ion of a cantered 

handle t h a t  allowed t h e  operator pos i t i ve  cont ro l .  The 

cantered handle i s  d isp laced  approximately Pj degrees 

from the  v e r t i c a l  and has a cross  s e c t i o n a l  T-shape 

as recommended by Holmes (1965). The narrow end of 

t h e  T f i t s  e a s i l y  i n t o  the  V of t h e  thumb. 

there  was not enough space i n  t h e  handle t o  contain more than 

the on-off switch,  

near the  motor on t h e  ope ra to r ' s  elbow. 

Unfortunately 

The revers ing switch was placed ex te rna l ly  

Qu i t e  a b i t  of d i f f i c u l t y  was noted w i t h  t h e  chuck of 

t h i s  t oo l .  Even though seve ra l  d i f f e r e n t  s ized  locking b a l l  

bearings were used, t o o l  attachments had a tendency t o  s l i p  

off t h e  chuck. 



7.2 .3  Recommended Solut ions.  It i s  q u i t e  possible  t o  taper  

the  f r o n t  s t r u c t u r e  of the  space mitten i n  order  t o  reduce 

t h e  s i z e  of t h e  s t r u c t u r e  and t o  improve v i s i b i l i t y  and con- 

t r o l  f o r  t h e  operator .  It i s  f e l t  t h a t  a reduction of weight 

and s i z e  can be accomplished w h i l e  s t i l l  allowing adequate 

freedom of motion f o r  t h e  a s t ronau t ' s  gloved hand within t h e  

enclosure.  

It i s  f u r t h e r  f e l t  t h a t  a major reduction i n  o v e r a l l  

weight and bulk can be made by the  redesign of the  gear  t r a i n  

and s h a f t  l inkage.  I n  addi t ion,  i t  i s  now rea l i zed  t h a t  t h e  

s h i f t i n g  mechanism f o r  changing t h e  operat ion of the  t o o l  

from power mode t o  manual mode i s  not  des i rab le  because t h e  

added weight ,  bulk, and complexity of the  device outwei&hs 

the  conveniences. It i s  therefore  f e l t  t h a t  manual operations 

a re  b e t t e r  accomplished w i t h  o ther  t o o l s .  

Based on our experiments and evaluations of simulated 

maintenance tasks  by persons operat ing these too l s ,  i t  i s  

f e l t  t h a t  a device w i t h  an output of 200 inch pounds would 

be s u f f i c i e n t  f o r  a number of space maintenance tasks .  It 
. 
i s  a l s o  f e l t  t h a t  i t  would be possible  t o  use a rechargeable 

ba t t e ry  a s  a power source r a t h e r  than t h e  a-c cur ren t  employed 

i n  the  f i r s t  generation models. The t o o l  knvisioned would , 

be s imi l a r  t o  t h e  cur ren t  tools i n  tha t  it would operate for  

torqueing and screwdriving operat ions.  For both of these 

operations a wide assortment of t o o l  attachments would be 

ava i lab le  f o r  performing a va r i e ty  of maintenance tasks. 
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Furthermore, t o  keep the  bulk and weight of the  device 

within manageable l i m i t s ,  l ightweight  metals would be con- 

s idered f o r  the casing and inner  workings of  t he  too l .  

7*3 Tool Cuff. 

7.3.1 Concept, The t o o l  cuf f  p ic tured  i n  Figure & operates  
I- 

on the p r inc ipa l  t h a t  t he  t o o l  attachments w i l l  be s tored  

sepa ra t e ly  from the  t o o l  on the  maintenance worker's person 

or on the worksite,  However, t h e  s torage and removal of tool. 

attachments w i l l  r equi re  the use of the power too l .  The 

s torage  sites f o r  the impact wrench sockets are tapered 

s tuds  containing s p l i t  captured nuts .  Each tapered s tud  

r e t a i n s  a s ing le  t o o l  socket; as the  socket i s  emplaced and 

torqued, t he  s p l i t  nu t  i s  dr iven down on the  s tud,  expands 

and binds the  socket.  To remove the socket,  t he  operator  

reverses  the  t o o l  causing the  nut  t o  r i s e  and cont rac t ,  thus 

r e l eas ing  t h e  engaged socket.  Allen head, s l o t t e d ,  and 

P h i l l i p s  screwdrivers can be held i n  place by the  cont rac t ion  

of t he  inner  walls of the small cyl inders ,  a device similar 

t o  c o l l e t s  used on a lathe.  Removal of the  screwdriver mere ly  

allows the  i n t e r n a l  walls of the cy l inder  t o  re lax ,  thereby 

r e l eas ing  the  t o o l ,  

Some d i f f i c u l t y  was experienced when using the  space 

mit ten t o  remove and emplace t o o l  sockets on the t o o l  cuf f .  

It was rather easy t o  cross-thread the  locking nut and the 

screwdriver attachments would sometimes disassemble while  

t he  screwdriver was being removed. 

38 



7.3.2 Recommended Solut ions.  The problems envisioned w i t h  

the t o o l  cuff seemed suscept ib le  t o  easy so lu t ions ,  The 

s torage s i tes  f o r  t o o l  attachments could be placed on swZvels 

or  o ther  devices i n  order  t o  allow t h e  maintenance worker 

more f l e x i b i l i t y  i n  r e t r i e v i n g  t o o l  attachments. A t  t h e  pre- 

s en t  t i m e  i t  i s  assumed t h a t  the  tool cuff w i l l  be located 

on the  worker 's  arm o r  l eg .  However, the  t o o l  cuff  can be 

modified so  t h a t  i t  can be s to red  a t  the  work s i t e .  

7.4 Maintenance -- T a s k  Assemblies. The maintenance t a sk  panel 

and the  maintenance task  cyl inder  were q u i t e  s u i t a b l e  f o r  

simulated worksites f o r  t h e  maintenance experiments. It i s  

r ea l i zed  t h a t  these compact and reasonably portable  devices 

a r e  q u i t e  u se fu l  f o r  i nves t iga to r s  who have l i m i t e d  f a c i l i t i e s  

and who do not  wish t o  inves t  considerable e f r o r t  and expenses 

t o  develop sophis t ica ted  simulation f a c i l i t i e s .  The behavioral  

data  co l l ec t ed  suggest t h a t  human maintenance performance on 

untethered worksites do cause operators  d i f f i c u l t i e s  t h a t  

a r e  somewhat s imi l a r  t o  those faced i n  f r i c t i o n l e s s  environ- 

ments .  Therefore, t h e  approach taken i s  q u i t e  u s e f u l  during 

t h e  e a r l y  s t a t e s  of design and development, although i t  

does not have h i g h  f i d e l i t y ,  If add i t iona l  development 

a c t i v i t i e s  a r e  warranted by these e f f o r t s ,  i t  i s  recommended 

t h a t  ex is t ing  NASA simulation f a c i l i t i e s  be used i n  the  

evaluat ion of these space tools .  
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VI11 CONCLUSIONS 

The space and t o o l  mittens have been evaluated ' .  I 

extensively,. 

appears super ior  t o  the  t o o l  mitten.' ' F u r t h e r  t h i s  supe r io r i ty  

i s  borne out  on general  t o o l  configuration, c o n t r o l l a b i l i t y ,  

and balance. I n  addi t ion,  the method of  t o o l  attachment 

exchange u t i l i z i n g  t h e  t o o l  cuf f  i s  super ior  t;o t h a t  

In terms of human performance the  space too l  

-*. 

associated wi th  the t o o l  mit ten 's  per iphera l  c e l l s ,  I n  

general ,  the  comparison of t h e  space and t o o l  mitten re- 

f l e c t e d  the  supe r io r i ty  of the  former i n  terms of t o o l  use  

under s t a t i c  and dynamic conditions (Experiments 1 and 3), 
a s  a multi-purpose t o o l  (Experiments 1, 3, and 4 ) ,  and a s  a 

t o o l  adaptable t o  l imited areas  (Experiment 5 ) .  

Under a va r i e ty  of conditions using power and manual 

too ls ,  i t  appears t h a t  the  dynamic mode of t o o l  operation 

causes performance decrements t h a t  resemble decrements noted 

under f r i c t i o n l e s s  condi t ions.  It appears t h a t  these simple 

simulation devices a r e  q u i t e  u s e f u l  during e a r l y  design and 

development a c t i v i t i e s  t o  h igh l igh t  design de f i c i enc ie s .  

The continuing engineering evaluation has provided Raff 

Analytic Study Associates w i t h  a reasonably f i r m  idea fo r  

the  design and development of a prototype t o o l  t h a t  could be 

u t i l i z e d  i n  N A S A ' s  h ighly instrumented and w e l l  cont ro l led  

simulation f a c i l i t i e s .  It i s  conceivable t h a t  the f u r t h e r  

evaluation of these t o o l  concepts when maintenance operators  

a r e  f u l l y  s u i t e d  under pressurized and f r i c t i o n l e s s  conditions 

w i l l  be most bene f i c i a l .  
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APPENDIX A 



Appendix A presents  a d e t a i l e d . s t a t i s t i c a 1  treatment and 

i n t e r p r e t a t i o n  of the analyses of variance performed on the  

experimental data previously discussed i n  the body of t h i s  

paper. I n  addi t ion,  as overview i s  given of the  F d i s t r i b u t i o n  

upon which the  ana lys i s  of variance i s  based and the  sources of 

variance assoc ia ted  w i t h  the  analysis ,  of variance.  Further ,  a 

sample of t he  raw data is  presented. 

S t a t i s t i c a l  Treatment - of Experimental Resul ts  - of Experiment 1: 

Space - Tool Mittens. The e igh t  ana lys i s  of  variance t a b l e s  

are presented i n  t h i s  appendix. 

f o r  each of the  b o l t  s i ze s .  

tenance task cyl inder  mode, B, t h e  space mit ten - t o o l  mit ten 

used, and C, t he  number of experimental t r ials.  The data f o r  

t he  5/8, 7/16, and 9/16 b o l t s  a r e  reasonably consis tent .  

i s ,  the  A X B . in t e rac t ion  and A and B main e f f e c t s  a r e  s ta t is t i -  

c a l l y  s i g n i f i c a n t  beyond the  one -percent l e v e l  f o r  these b o l t  

s izes .  

was s t a t i s t i c a l l y  s i g n i f i c a n t  beyond the  one percent  l eve l .  

None of t he  o the r  e f f e c t s  r e f l ec t ed  a s t a t i s t i c a l l y  s i g n i f i c a n t  

difference.  

These t a b l e s  a r e  i d e n t i f i e d  

The l e t t e r  A represents  the main- \ 

That 

However, f o r  t he  1/2 inch b o l t  s i ze ,  only the  A var iab le  

The A x B i n t e r a c t i o n  i s  graphica l ly  portrayed i n  the  t e x t  

i n  Figures  5 and 6 f o r  b o l t  on and b o l t  off  respect ively.  

Operator performance w i t h  e i t h e r  the  space mi t ten  or t o o l  mit ten 

i n  the s t a t i c  mode does not  d i f fe r  s ign i f i can t ly .  However, as 

noted by the cross  hatched bars of three  of the  graphs, opera tor  

performance w i t h  t he  t o o l  mi t ten  w a s  s i g n i f i c a n t l y  poorer than 

A 1  



with the  space mitten under conditions where the  maintenance 

task cyl inder  was i n  the dynamic mode. 

The main e f f e c t  of t r i a l  C was not  s t a t i s t i c a l l y  s i g n i f i -  

cant .  It can be assumed that the number of t r ials invest igated 

d id  not  r e f l e c t  any major learn ing  e f f e c t .  

The experimental r e s u l t s  which a re  of most s ign i f icance  

for f u r t h e r  t o o l  research can be summed.up as follows. 

space mitten and t o o l  mit ten a re  e s s e n t i a l l y  equivalent i n  the 

s t a t i c  mode, but i n  the  dynamic mode, where the  maintenance 

task cyl inder  was f r e e  t o  move so as t o  simulate,  t o  some small 

degree, f r i c t i o n l e s s  conditions,  t he  space mit ten proved t o  be 

s i g n i f i c a n t l y  b e t t e r .  

The 
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EXPERZMENT 3. 
SPACE TOOL MITTEN 

7JIiXCGE 

A 

B 

c 
AB 

AC 

RC 

A R C  

REM 

TCJ T 

BURCE 

A 

B 

G 

AB 

AC 

RC 

ABC 

I? EM 

TG T 

S *  S % 7 5 0 E + 0 1  3 l.fs62SOE+OX 1 * 1772SE+OO 

1 * 26567E-1-03 8 0  1 SS208E+01 

8*621620+03 9 5  

TABLE 2 

A THREE FACTOR A N A L Y S I S  (rF V A R I A N C E  PROGRAM 
WITH AN EQUAL N U M B E R  0 %  B B S E R V A T I a N S  PER CELL 

7/16 off 
s. s*  

5*95350E+03 

2 -  10042E+02 

S* 37SOOE+00 

4.33500E+02 

1 -90833E+01 

7.63750E-tOI 

1 3041  7E+02  

I30 F* 

1 

1 

3 

1 

3 

3 

3 

R 0 

9 5  

MEAL\) S Q U A R E  F R A T I D  

5*95350E+03 2 * 0 4 1 7 8 E + 0 2  

2*10042E+02 7 0 203 49 E-1-00 

1 e 79 167E+00 6 * 1 4 4 6 4 E - 0 2  

4- 33500E+02 1 0 48 67 1 E+ O 1 

6.361 11Ei-00 2 ,  18 1 5 3 E - 0 1  

2*54583E+01 8.73107E-01 

4*34722E+0 1 1 49090E+00 

2 * 3 1 58 3E+ 0 1 



EXPERIMENT L 
SPACE TOOL MITTEN 

TABLE 3 * 

A T H R E E  F A C T O R  ANALYSIS 8F VARIANCE P R B G R A M  
WITH AN EQUAL NIJb'IREH Q F  O B S E R V A T I a N S  PER CE:LL 

1/2 on 

Aa 2.000001:+0 1 1 2.00000E+01 8 .  3 362HE-01 

AC G 0 9 50OOE+OO 3 209Y333E+OO 1 * 2 1 3 6 6 E - 0 1  

BC 1 0 2 S 5 0 0 E + 0 1  3 4- 1 8 3 3 3 E C O O  ' 1 . 7 0 1 8 4 E - 0 1  

AHC 5 .  O O O O O E J ~ O 1  3 1 0  6 6 6 6 7 E + O I  6 . 7 Y 0 2 4 E - 0 1  

, 

R EN 1 -  5 7 3 2 0 E + O 3  6 4 20 458 12E+01 

Tc3 T 4. 19520E+03 79 

TABLE 4 
A THREE F A C T 0 R  A N A L Y S I S  0 F  VARXANCE P R O G R A M  
WITH AN EQUAL NLJMBEli OF OESERVATIBNS PER CELL 

s. so 

9 * 4 3 7 5 0 E + 0 0  

2/2 off 
D o  F. MEAN S Q U A R E  

1 '  1 * 739 1 1  E-t.03 

I 1 -  1 2 5 0 0 E - 0 1  

3 '  4. 1 4 S 8 3 E + Q O  

1 3.612SOE+OO 

3 3 @ 1 4 5 0 3 E + O O  

3 1 . 6412SE-1.01 
3 1 - 2 1 1 2 5 E + 0 1  

1; R A T I O  

1 . 1 1  170E.I.02 

7 . 1 9 1 3 7 E - 0 3  

2 . 6 5 0 1 5 E - 0 1  

'2*30923E3-01 

2.01032f5-01 

1 049 14E+00 

7 . 7 4 2 7 1 E - 0 3  

6 4  1 5 6 4 3 7 E + 0 1  

2.85149E-1.03 



EXPERIMENT I. 
SPACE TOOL MITTEN 

8 0  6 -  44973E-t-01 

TABLE 6 
A T H R E E  FACTWR ANALYSIS $3f; V A n ' l P N C I . 7  P R B G R A M  
W I T i i  AN E Q U A L  NUMBER <?F L'3BSEKVATIOt\JS PER CELL 

9/16 off 
IURCT S *  S -  D e  F' MEAN SQUARE F RATIB 

\ 6.20c3 17Et.03 1' 6.20817E-t-03 1.. 72439E-1-02 

4c 2 0  17250E.f-02 3 7.241 67E.I-01 ' 2.01204E+00 

3C 3 = 7 7 0 % 3 E + O l  3 1 = 35694E+01  3.49232E-01 
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EXPERIMENT 1 
SPACE TOOL MITTEN 

.TABLE 7 a 

A W R E E  FACTgR A X A L Y S I S  UI; V A R I A N C E  P R B G R A M  

s. s *  

8.43ts37E-1-03 

, D.F. 

1 

1 

3 

1 

3 

3 

3 

112 

F R U T l a  

1 e 28452E+02 

3. 1 4 8 1 3 E + O l  

9 9007 1 E+OQ 

s 49 1 7 1 E- a 1 

2.19 1 0 3 E - 0 1  

4.351 65E-02 

TABLE 8 
A THREE FACTBR ANALYSIS @ F  V A R I A N C E  PRCiGFIAM 
WITH AN E Q U A L  N t i M D E R  OF O B S E R V A T I O N S  PER CELL 

s. s. 

U*22403E+03 

1*31324E+03 

5 . 4 0 6 2 5 ~ + 0 i  

6*12500E3+02 

5.9031 2E+01 

1 * 4/11 56E-1.02 

1 * 5 168 7E+02 

80 34925E+03 

1.27,90ROEi-04 

5/8 off 
D. F. MEAN S Q U A R E  F RAT10 
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3 

3 

112 

127 

1 0  3 I328E+O3 1 * 7 6 I 69 E + O  1 

1 8 0208 E+O 1 2s 4 1  738E-01 

1 -  967'71 E + O l  2*63956E-01 



S t a t i s t i c a l  Treatment of Experimental Resul ts  I_ of Experiment I 2: 

Manual Tools, 

presented i n  t h i s  appendix. 

Analysis of variance t a b l e s  f o r  these data a r e  

The s t a t i s t i c a l l y  s i g n i f i c a n t  F 

r a t i o s  f o r  the maintenance panel-cylinder comparison presented 

i n  Table 9 were qu i t e  l i k e l y  due t o  the  l a t e  in t roduct ion  of 

t he  cy l inder  i n t o  the  experimental trials. I n  general ,  it 

appears that  the s i g n i f i c a n t  A x C i n t e rac t ions ,  noted i n  Table 

9 and i n  Figure 8 i n  the  t e x t ,  i nd ica t e  tha t  t he  supe r io r i ty  of 

the opera tor ' s  performance while using the  open end wrench on 

t h e  panel i s  not  uniformly found f o r  t he  tr ials w i t h  t he  cyl inder ,  

The ind iv idua l  ana lys i s  of variance t a b l e s  f o r  each hex 

s i z e  a r e  presented i n  Tables 10 - 14, 



TABLE 9 

STATISTICALLY SIGNIFICANT MAIN EFFECTS 

AND FIRST ORDER INTERACTIONS 

FOR EXPERIMENT 2 

MANUAL TOOLS 

A (Panel-Cylinder) 

B (Tighten-Loosen) 

C (Open-Box End) 

A x B  

A x C  

B x C  

I 

X 

X 

x t  Head 

7/16 

X 

. x  

izes in I 

- 1/2 

X 

X 

.ches 

11/16 

X 

X 

Cells marked X are significant at the .01 Level. 
The other effects were not found to be statis- 
tically significant. 
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8 * 6289 1 E+02 1 

1 * S O 1  5 m - 0 1  1 '  
I 



EXPERIMENT 2 

MANUAL TOOLS 

2 5 5  A10 



EXPERIMENT 2 
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S t a t i s t i c a l  Treatment _. of Experimental Resul t s  - of Experiment 3: 
-- Hatch T e s t .  

ac t ion  tha t  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  l e s s  than the  .Ol 

l eve l .  In  addi t ion,  the main e f f e c t s  of cyl inder  mode (A)  and 

subjec ts  ( C )  were s t a t i s t i c a l l y  s i g n i f i c a n t  beyond the  .O1 

The ana lys i s  of variance r e f l ec t ed  an A x C i n t e r -  

l eve l .  The main e f f e c t  space-tool mit ten (B) was not  s t a t i s t i c a l l y  

s i g n i f i c a n t .  

combined and graphical ly  presented i n  Figure 9 i n  the t e x t .  

The ana lys i s  of variance t a b l e  r e f l e c t i n g  F r a t i o s  a re  found i n  

t h i s  appendix, Table 15. 

The data for t h e  space mitten and t o o l  mitten a re  

It can be noted from Figure 9 i n  t he  t e x t  that  the  r e l a t ion -  

ship found f o r  a decrement i n  performance r e s u l t i n g  from the  

dynamic mode of t he  maintenance task cyl inder  i s  similar t o  that  

from Experiment' 1. The data f o r  the  ope ra to r ' s  performance w i t h  

t he  space mitten and the t o o l  mit ten were combined due t o  the  

lack  of a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f fe rence  between t h e  per- 

formance of these two too l s .  This study tends t o  subs t an t i a t e  

t o  some exten t  t h e  f indings from Experiment 1. The A x B i n t e r -  

ac t ion  was i n  the same d i r e c t i o n  as that i n  tes t  1, i.'e., the  

space mit ten perfromed b e t t e r ' t h a n  the  t o o l  mit ten i n  the  

dynamic case, but i n  t h i s  experiment t he  d i f fe rence  was not  

s t a t i s t i c a l l y  s i g n i f i c a n t .  

A12 
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Experiment - 4: Screwdriver. The ana lys i s  of variance r e f l e c t s  

a s i g n i f i c a n t  F r a t i o  (p<.Ol) associated with the main e f f e c t  

t o o l  type. 

r e f l e c t  a s t a t i s t i c a l l y  s i g n i f i c a n t  F r a t i o .  

between the space mit ten and t o o l  mitten needs t o  be i n t e r -  

preted w i t h  care s ince the  t o o l  mi t t en ' s  voltage was reduced 

from 120 v o l t s  t o  70 v o l t s  causing the  tool mitten t o  operate 

considerably slower than it had during the  previous experiments 

The o the r  main e f f e c t s  and i n t e r a c t i o n s  d i d  not 

The d i f fe rence  



EXPERIMENT 4. 
SCREWTIRIVING 



- of Variance -- f o r  T w o - 3  Classification. This 

ppendix describes the test variance according to the 

F-distribution. The F distribution has the property 

such that the distribution hm 

the ratio F =*-. where u and V are statistically inde- 

(F) is ::*I the distribution of 
u/m1 1' "2 

pendent variables having 3c" distributions with ml and m2 
degrees of freedom. 

The data collected for this study was divided into mutually 

exclusive subgroups and classified by an arrangement correspond- 

ing to rows and columns, employing the notation that r 

number of rows, s is the number of c o l h s  and y i j  is any 

is the 

element in the array, then 

is the general mean 

is the mean of the ith row 

is the mean of the jth column 

The total sum of squares is then expressed as 

s I 

'T - 'rows 'columns + Errors  



Where ; 

S __- 

Then, i f  t he re  i s  no va r i a t ion  of population within the  row: 

sR F = (S-1)  
E 

And, i f  t he re  i s  no va r i a t ion  of  population within the column: 

F = (r-1) sC 

E 

In  order t o  t e s t  t he  hypothesis t h a t  t he re  i s  no s i g n i f i c a n t  

d i f fe rence  i n  the  r e s u l t s  which can be a t t r i b u t e d  t o  the A X B 

i n t e rac t ion  a t  the  one percent  l eve l ,  t a b l e  X i n  the  -- Hand Book 

- of Probabi l i ty  - and S t a t i s t i c s ,  Burington and May, i s  employed wi th  

the  s ign i f icance  l e v e l  € set  a t  .Ol, ml = S-1 and m2 = (r-1) ml. 

The 

value of 

values of ml and m2 therefore  e s t a b l i s h  the  minimum 

F for s igni f icance  a t  the  one percent  l eve l .  
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SAMpz;E CALCULATION OF VARIANCE 

Experiment 1 involved a comparison of the  t o o l  and space 

mit tens  i n  the  s t a t i c  and dynamic modes respect ively.  Lis ted 

below i s  the data col lected f o r  the 9/16 inch hex head b o l t ,  

The number i n  each c e l l  represents  the time i n  seconds required 

t o  perform the  task f o r  each of 6 subjects .  

i n  the four  rows represent  each of the  tr ials performed by 

the six subjects .  

The data l i s t e d  

TOOL MITTEN: STATIC: 

Sp s2 s3 
T r i a l  1 9 9 12 

T r i a l  2 11 9 12 

T r i a l  3 9 9 12 

T r i a l  3 12 10 13 

*Subjects 1 - 6. 

TOOL MITTEN: DYNAMIC: 

sl s2 s3 
T r i a l  1 46 5 1  31 

T r i a l  2 20 42 I 50 

T r i a l  3 25 47 26 

T r i a l  4 19 42 30 

\ 

BOLT TIGHTEXYED 

s4 

22 11 

25 11 

19 11 

20 11 

BOLT TIGHTENED 

s4 s5 
38 48 
28 41 

46 27 

42 26 

'6 

13 
14 
8 

7 

'6 
31 
12 

29 

30 



SPACE MITTEN STATIC: BOLT LOOSENED 

T r i a l  1 17 '15 16 22 10 14 
T r i a l  2 15 11 15 21 9 16 

T r i a l  3 15 11 LO 43 10 12 

T r i a l  4 2 1  12 11 29 9 9 

SPACE M1TTEN:DYNAMIC: BOLT LOOSENED 

T r i a l  1 17 22 32 13 28 16 

T r i a l  2 25 18 36 LO 24 13 

T r i a l  3 2 1  23 29 11 2 1  20 

Trial  4 19 18 27 10 20 12 

These four arrays are represented by a 6 x 4 matrix. 

Calculation of the F r a t io  was performed on a GE 235 

computer. 

the headings of: 

The print-out on the following page provides under 

Source of variance 

A -  Maintenance Cylinder Mode: s ta t ic  - dynamic 

B -  Space Mitten - Tool Mitten 

c -  Number of Experimental Trials 

S.S. - the sum of the squares 

D.F. - the degrees of freedom 

With 1 and 90 degrees of freedom (approximately 1.95), an 

F r a t io  needs t o  exceed 6.95 so as t o  be s t a t i s t i c a l l y  signi-  

f ican t  a t  the 1 percent level, o r  3.95 a t  the 5 percent level.  



The attached computer read-out i nd ica t e s  s t a t i s t i c a l l y  

s i g n i f i c a n t  F r a t i o s  of the main e f f e c t s  A and B, and the  

in t e rac t ion  A x B. 
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